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Available online 15 February 2019In this research, green, low toxicity and good biocompatibility ﬂuorescent carbon dots (CDs) were prepared
under one-step hydrothermal conditions from the essential oil of Thymus vulgaris L. as a carbon source. Themor-
phology and composites of the CDs were characterized using transmission electron microscopy (TEM) and Fou-
rier transform infrared spectroscopy (FTIR). Optical and ﬂuorescence properties of the CDs, such as photostability
and the quantum yield as high as 5.2% were measured by UV–Visible and ﬂuorescence spectroscopy.
The varying effects of reaction time and temperaturewere clearly investigated on the yield of products. The ﬂuo-
rescence of CDs could be quenched speciﬁcally by Fe3+, hence; the prepared CDs were applied to detect Fe3+
from aqueous solution with a limit of detection of 0.23 mg/L. The effect of cytotoxicity on the cell viability was
investigated and low toxicity of these carbon dots was demonstrated. Thus natural-based ﬂuorescent carbon
dots as ﬂuorescent biomarkers were applied through in vitro ﬂuorescence imaging without any further puriﬁca-
tions. In addition, the antioxidant activity of CDs was carried out with IC50 value of 23.43 mg/L.
© 2019 Elsevier B.V. All rights reserved.Keywords:
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In recent years, ﬂuorescent carbon dots (CDs) have emerged as the
most attractive candidates for various applications due to their many
properties such as high chemical inert, photostability, water solubility,
good biocompatibility, tunable surface functionalities [1,2]. CDs exhibit
unique optical properties in ﬂuorescence nanoparticles which have
shown tremendous of applications in biomedical imaging [3],
photocatalysts [4], sensors [5–7], drug delivery [8] and therapy [9,10].
Common routes inmaking luminescent CDs includemicrowave irradia-
tion [11,12], hydrothermal treatment [13–16], laser ablation [17], arc
discharge [18] and chemical oxidation [19]. In particular, hydrothermal
method has shown great promise among preparation techniques due to
facile and one-step process, easy control of the reaction and low energy
consumption [15,16].
Up to now, various carbon sources have been used to prepare CDs
that these carbon precursors are related to organic chemicals and natu-
ral resources. The precursor selection plays a key role in the yields and
properties of CDs, whichmakes them as candidates for variety of appli-
cations. Nonetheless, it is necessary to consider developing carbon
basedmaterials from the natural resources. The main motivation of uti-
lizing these sources is to provide biocompatible photoluminescent CDs,which is called as green chemistry conception. Therefore, several green
synthetic approaches have been developed based on the biocompatible
photoluminescent CDs using various natural resources such as Jinhua
bergamot [20], plant soot [21], ginger juice [22], Solanum tuberosum
[23], plant leaf-derived [24], orange waste peels [25], Trapa bispinosa
peel [26], food waste [27], milk [14], bread sugar, jiggery [28] and
even grass [29].
In the quest of exploring natural precursors for the synthesis of CDs,
separation and puriﬁcation processes are extremely cumbersome, the
purity of product is not satisfactory and some of them used external ox-
idizing agent, strong acid or passivation agent.
The obtained carbon dots from hydrophilic precursors often need to
some degree of separation to remove visible solid materials that are
generated during pyrolysis [30], evaporation to remove solvent [31], ex-
traction by some kind of organic solvent to remove other impurities
until further use [32,33], because all the materials are into the same
phase with products.
Unlike other reported CDs, herein we report an easy way to synthe-
size luminescent CDs by the hydrothermal treatment of Thymus vulgaris
L. essential oil. Due to the insolubility of the Thymus vulgaris L. essential
oil in water and the solubility of the produced CDs in water, the process
of separating the precursor from the product is very convenient. This
methodology is self-control of carbon dot preparation in water-soluble
of organic phase. Despite of other natural resources, this phenomenon,
turned out the preparation of CDs in an aqueous phase without any
by-products.
135A. Bayat et al. / Journal of Molecular Liquids 281 (2019) 134–140Antioxidant activity is a parameter to determine the ability of mate-
rials to trap free radicals. The carbon dots have the ability to free radical
scavenging due to their excellent electron donors and acceptors mole-
cules [34]. Limited reports have beenmade on the production of carbon
dots with antioxidant properties. According to the published reports on
the production of antioxidant carbon dots, the precursors of them are
fromplantmaterials, which indicates that the selection of precursorma-
terials with proper properties leads to the production of desirable car-
bon dots with properties that are more effective [35]. Due to the
strong and intrinsic antioxidant activities of Thymus vulgaris L. essential
oil, this precursor was used to produce carbon dots.
2. Materials and methods
2.1. Materials
The essential oil of Thymus vulgaris L. was purchased from Barij Es-
sence pharmaceutical company. Quinine sulfate, barium chloride, cop-
per sulfate, manganese chloride, cobalt sulfate, tin chloride, silver
nitrate, lead nitrate, mercury chloride, 2,2-diphenyl-1-picrylhydrazyl
(DPPH), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) were purchased from Sigma Aldrich, USA. Sulfuric acid, po-
tassium chloride, sodium hydroxide, hydrochloric acid, nickel chloride,
iron sulfate heptahydrate, iron chloride hexahydrate, methanol, etha-
nol, dimethyl sulfoxide and acetone were obtained from Merck Com-
pany. Fetal bovine serum (FBS), penicillin streptomycin solution,
trypsin-EDTA and Roswell Park Memorial Institute 1640 Medium
(RPMI) were purchased from Gibco BRL (Grand Island, NY, USA). DI
water (Millipore, Billerica, MA, USA) was used throughout the
experiments.
2.2. Synthesis of carbon dots (CDs)
The CDs were synthesized by pyrolyzing the essential oil of Thymus
vulgaris L. In brief, 2.0 mL of this essential oil and 2 mL DI water initially
were under ultrasonication (200W), for 1 min to form a homogeneous
suspension. Then the solution was transferred into a Teﬂon-lined auto-
clave (30 mL) and subjected to hydrothermal treatment at 200 °C for
15 h. After the above reaction, the autoclave was naturally cooled to
the room temperature. The resulting dark brown solution was centri-
fuged for 20 min at 8000 rpm to separate two phases. After separation
of these two phases, the aqueous phase was further centrifugation at
12000 rpm for 20 min for several times to remove the large particles.
Fluorescent CDs were produced under the rotary evaporation
conditions.
2.3. Characterizations
Transmission electron microscopy (TEM) images were recorded
using an EM10C electronmicroscope (Germany) at an accelerating volt-
age of 100 kV. Sample was prepared by dropping aqueous suspensions
of CDs onto a graphen-coated copper grid followed by solvent evapora-
tion. The ﬂuorescence spectra were recorded on a PerkinElmer LS-55
spectrometer and UV–Vis absorption spectra were obtained from an
OPTIZEN 3220UV spectrometer. FT-IR was carried out on a Magna 550
Fourier transform infrared spectrometer (USA), using a KBr pellet. Pris-
tine precursor was homogenously dispersed in water with the aid of
ultrasonication on a FAPANUS-100UT (IRAN). Cellular imagingwas car-
ried out using an Eclipse Ti-s optical system microscope (Japan).
2.4. Determination of free radical generation capacity
Antioxidant activities of the CDs were determined by detecting the
scavenging of 1,1-diphenyl 2-picrylhydrazyl radical. For this purpose,
4 mL of various CDs dilutions were mixed with 4mL of a 50 μMmetha-
nolic DPPH solution and kept in dark at the ambient temperature. Theamount of DPPH• scavenged in this solution after 60 min of reaction
time was determined using the absorbance at the wavelength of 517
nm. Percentage of radical scavenging activitywas calculated for each so-
lution according to the following equation:
%Inhibition ¼ Ablank−Asample
 
=Ablank  100 ð1Þ
where Ablank and Asample are the absorbance of the DPPH solution (with-
out CDs) and sample solution (with CDs), respectively.
2.5. Detection of ions
Thedetection of ionswas investigated by the interferedmetal ions at
room temperature in aqueous solution. In a typical procedure, 3 mL of
different concentrations of common metal ions were reacted with CDs
stock solution (18 mg/L), and thoroughly mixed for 10 min at room
temperature, thenﬂuorescentmeasurementswere registered under ex-
citation at 325 nm.
2.6. Cell culture
SKOV3 (Human Ovarian Cancer Cell) cells were obtained from Pas-
teur Institute, Tehran, Iran. These cell lines were maintained at 5% CO2
in a humidiﬁed incubator at 37 °C. The cells were seeded in RPMI me-
dium supplemented with 10% v/v fetal bovine serum and 1% penicil-
lin–streptomycin solution.
2.7. In vitro cytotoxicity assay
The cell viability was investigation using a colorimetric assay agent,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
on the mitochondrial enzyme mediated conversion of MTT, a pale yel-
low tetrazole to violet formazan crystals. Different concentrations of
the as-prepared CDs (0–1400mg/L) were added for further incubation
for 24 h. Subsequently, 100 μL of the new culture medium containing
MTT (20 μL, 5 mg/mL) was added. Followed by action of mitochondrial
enzymes to form formazan crystals, cells were incubated for 4 h. The
culture medium was removed, the CDs-conjugated cells were replaced
with 150 μL of DMSO. Measurements of dye absorbance were carried
out at 570 nmusing a Bio-Rad ELISA reader. The cell viability was calcu-
lated from the following equation;
Cell Viability %ð Þ ¼ ATreated=AControlð Þ  100% ð2Þ
where Acontrol and Atreated were obtained in the absence and presence of
CDs, respectively.
2.8. Cellular imaging
Before cell imaging, SKOV3 cells were cultured in RPMI supple-
mented with 10% FBS and incubated at 37 °C in a 5% CO2 atmosphere
then mixed with CDs solution and incubated for 4 h. The cells were
washed three times with PBS buffer. Cell images were taken with an
Eclipse Ti-s optical system microscope with the excitation wavelengths
of 360 nm and 480 nm.
3. Results and discussion
3.1. Characterizations
Thymus vulgaris L. is a popular aromatic and medicinal plant, which
themain chemical components of its essential oil are Thymol, Carvacrol,
α-pinene, β-pinene and p-cymene [36]. In this study, this green and
natural essential oil was used as a precursor for preparation of carbon
materials without the assistance of any additional passivating agent.
Fig. 1. a: TEM image of CDs, b: FTIR spectrum of CDs, c: UV–Vis absorption spectrum of CDs, d: Fluorescence emission spectra of CDs at different excitation wavelengths ranging from 305
nm to 415 nmwith increments of 10 nm.
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morphology of CDs prepared in the water medium with a diameter of
particles around 8 nm (Fig. 1a). Characteristics of functional groups on
the surface of these CDs were identiﬁed by Fourier transform infrared
spectroscopy (FTIR). As shown in Fig. 1b the large broad peak at about
3432.41 cm−1 is attributed to the stretching vibration absorption
bands of O\\H. Moreover, CDs had a peak at 2924.63 cm−1 and
1625.22 cm−1, which were attributed to CH2 stretching vibrations and
C_O stretching vibration in the carboxy group, respectively. The char-
acteristic absorption peaks at 1423.92 cm−1 and 1125.62 cm−1were at-
tributed to sp2–CH in oleﬁnic conﬁguration and –C–O stretching,
respectively. All the results conﬁrm the synthesized CDs during the car-
bonization of Thymus vulgaris L. and existence of hydroxyl and carbox-
ylic groups on their surfaces [37].
In the UV–Vis absorption spectra of CDs, the absorption bandswith a
maximumwavelength at 225 nm and those at around 260–270 nm are
attributed to theπ-π* transition of the aromatic sp2 domains (Fig. 1c). InFig. 2. a: Effect of pH on the PL intensity of CDs. Normalized PL emission spectra of CDs at 32
emission spectra of CDs at 325 nm excitation, c: Irradiation time on the PL intensity of CDs. Noaddition to that, around 300 nm, the CDs exhibit shoulder absorption
peak, which may be ascribed to the existence of different kinds of n-π*
transition of the chemical bond such as C_O [38,39].
Fig. 1d illustrates the ﬂuorescence spectra of the CDs under excita-
tions at the wavelengths from 305 to 415 nm. With an increase in the
excitation wavelength, the peaks of photoluminescence emission
shifted towards longer wavelengths, which these excitation-dependent
redshifts of emission spectra are due to the surface defects and unifying
character of CDs. Maximum emission is located at 420 nm when maxi-
mum photoluminescence excitation is 325 nm. The photoluminescence
quantum yield (QY) of CDs was 5.2% with quinine sulfate (Q= 54% in
0.1 M H2SO4) as a standard when excited at 325 nm. The well-water-
dispersed CDs showed strong blue emission when these CDs were
under UV light (365 nm) which exhibit the formation of CDs (Inset in
Fig. 1c).
Fig. 2a shows the pH variation effects from 2.0 to 12.0 (by regulating
the pH by 0.1 M solutions of HCl and NaOH) on the ﬂuorescence5 nm excitation, b: Effect of KCl concentration on the PL intensity of CDs. Normalized PL
rmalized PL emission spectra of CDs at 325 nm excitation.
Fig. 4. DPPH free radical scavenging activity of CDs.
Fig. 3. a: Fluorescence spectra of CDs under different temperature, b: Fluorescence spectra of CDs under different time, c: Absorption spectrum of CDs under different temperature, d:
Absorption spectrum of CDs under different time.
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range of pH 2.0–4.0. In the alkaline media, decreasing in the ﬂuores-
cence intensity was recorded. Either in fact, the ﬂuorescence intensity
changing from a neutral to an acidic or a basic solution. This result
could be due to the protonation or deprotonation of the functional
group in the surface state of CDs.
The effect of the ionic strength solutions containingNaCl on the ﬂuo-
rescence intensity of CDs is shown in Fig. 2b. Fluorescence intensities of
CDs remained almost constant in concentrations up to 1.7M.
The photostability behavior of as-prepared CDs was investigated
under continuous illuminationwith aUV lamp (4W). CDs had good sta-
ble emission decreases by less than 8% during 300 min (Fig. 2c). Excel-
lent PL properties and stability of CDs obtained from essential oil of
Thymus vulgaris L. represent the CDs as considerable cell imaging [40].
Finally, to obtain the optimal production of CDs, two inﬂuencing vari-
ables such as carbonization temperature and reaction timewere consid-
ered. The effect of carbonization temperature was investigated in three
levels of 160, 180, 200 °C with various reaction times of 9, 12, 15 h. As
shown in Fig. 3a the ﬂuorescence emission spectra of CDs were in-
creased drastically with increasing temperature under excitation wave-
length of 325 nm. Fig. 3b indicates that emission intensity of CDs was
signiﬁcantly increasedup to 12 h, and thenﬂuorescence emission inten-
sity was almost constant, which is due to the supramolecular self-orga-
nization of CDs. To conﬁrm this, the UV–Vis spectra of CDs in the above
conditions were measured. A prominent increase at absorption spec-
trum was observed when the reaction temperature increases from
180 to 200 °C (Fig. 3c). Fig. 3d shows when the time reaction increases,
the absorption spectrum slightly increases.
Fig. 5. Fluorescence response of CDs in the presence of different metal ions.
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Carbon dots have been found to be both electron donors and elec-
tron acceptors and can act as prooxidants and antioxidants. The DPPH
assay is used to determine the ability of radical scavenging activity of
CDs. DPPH solution is an azo compound (R–N N–R) which is deep pur-
ple and unstable over time.
The experiments have been performed under different concentra-
tions of CDs into fresh DPPH solution. Absorbance of DPPH at 517 nm
decreases concomitantly upon concentration of oxidant [41]. As
shown in Fig. 4 The antioxidant concentration necessary to decrease
the initial DPPH concentration by 50% inhibition (named as inhibition
efﬁciency concentration EC50) of CDs was calculated to be 23.43 μg/
mL. The methanolic solution of DPPH of color spot changes gradually
into a colorless and then yellowwith an increase in CDs concentrations.3.3. Detection limit of Fe3+
The detection of Fe3+ is urgent for human health and is a biologically
important metal ion. Various instrumental analysis methods have been
used for the determination of Fe3+ including atomic absorption/emis-
sion spectroscopy [42], X-ray ﬂuorescence spectrometry [43], induc-
tively coupled plasma–mass spectroscopy [44] and cathodic stripping
voltammetry [45]. Albeit these methods are accurate and sensitive,
but often require a long analysis time, sophisticated instrumentation
and complicated sample preparation procedures that are not suitable
for on-site applications.
Because of the distinct advantages of ﬂuorescence technique such as
high sensitivity, speciﬁcity, ease of operation and real time monitoring,
different ﬂuorescent probes have been developed for fast detection of
Fe3+ using metal nanoparticles [46], carbon nanoparticles [47],Fig. 6. a: The ﬂorescence responses of the CDs after the addition of different concentrations osemiconductor quantum dots [48], ﬂuorescent metal organic frame-
works [49] and organic dyes [50]. However, most of these reported ﬂuo-
rescent probes suffered from the tedious synthesis routes, low water
solubility, lack of photostability, some related toxicity concerns and
high cost in the synthesis that limit their further applications.
CDs can serve as a sensing candidate because photoluminescent CDs
are superior in terms of aqueous solubility, resistance to
photobleaching, functionalizability, toxicity, biocompatibility and ex-
hibit broader photoluminescence proﬁles. Currently, ﬂuorescent carbon
nanomaterials can be used to detect metal ions duo to a different re-
sponse on their ﬂuorescence [51]. Herein, to evaluate the selectivity of
prepared CDs, different metal ions including, Mg2+, Ba2+, Zn2+, Ni2+,
Cd2+, Co2+, Cu2+, Ag+, Fe2+, Fe3+, and Pb2+(at a concentration of 0.5
mM) were quantitatively determined. As shown in Fig. 5 the
photoluminescent CDs exhibited a strongest ﬂuorescence quenching ef-
fect in the presence of Fe3+ while other metal ions had less or no
quenching effects. This observation attributed to the functional groups
of CDs that play an important role. These functional groups can selec-
tively interact with the particular metal. Based on this phenomenon,
the as-prepared CDs indicate excellent selectivity in this system for
quantitative detection of Fe3+ that may be owing to the coordination
between Fe3+ ions and the inherent massive hydroxyl groups on the
surface of CDs. Here we focused our discussion on a sensing system of
CDs towards Fe3+ ions. Fig. 6a illustrates the signiﬁcant ﬂuorescence
quenching was observed as the concentration of Fe3+ was increased
from 0.0 to 56.60 ppm.
Fig. 6b exhibits the Stern-Volmer plot of CDs (F0/F) as a function of
Fe3+ concentration. The ﬂuorescence quenching efﬁciency is ﬁtted
well the Stern-Volmer equation:
F0=F ¼ 1þ Ksv Q½  ð3Þf Fe3+ ions, b: Relative ﬂuorescence response of CDs (F0/F) versus concentration of Fe3+.
Fig. 7. Cytotoxic effects of CDs with various concentrations of CDs on SKOV3 cells.
139A. Bayat et al. / Journal of Molecular Liquids 281 (2019) 134–140where Ksv is the Stern-Volmer quenching constant, Fo and F are theﬂuo-
rescence intensities of CDs at excitation wavelength of 325 nm in the
absence and presence of Fe3+, respectively and [Q] is the Fe3+
concentration.
The ﬂuorescence intensity and Fe3+ concentration shows a good lin-
ear curve in the range around 0–34.74mg/L, which can be expressed as
I=0.0262C+ 1.0364. The limit of detection and limit of quantiﬁcation
were estimated to be around 0.23 mg/L and 0.69 mg/L (at signal-to-Fig. 8. ﬂuorescence microscopicnoise ratio of 3), respectively. Therefore, it is good sensing system for
quantitative detection of Fe3+ in environmental samples.
3.4. Cells imaging and cell viability
To explore the possible application of the CDs as cellular probes for
light microscopic imaging, the cytotoxicity of CDs is evaluated by the
MTT assay. Fig. 7 shows that CDs exhibited low cytotoxicity with cellsimages of SKOV3 with CDs.
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sults given us the preliminary impression that CDs are biocompatible
with cells and be safe for biomedical applications. Fig. 8 shows the ﬂuo-
rescence microscopic images of SKOV3 cells treated with CDs for 4 h
under bright ﬁeld and different excitation wavelengths of 360 and
480 nm.Microscopic images of cells show obvious blue and green emis-
sions by using CDs labeled SKOV3 cells as a ﬂuorescent probe. These re-
sults indicate that CDs are widely dispersed and appeared in the
membrane and cytoplasmic area of SKOV3 cells. The most importantly
CDs do not cause signiﬁcant cytotoxicity and can be effectively applied
multiple ﬂuorescence emission for in vitro cell imaging [52].
4. Conclusion
In the presentwork,we have demonstrated the green and facile syn-
thetic method for CDs from the essential oil of Thymus vulgaris L. as a
natural precursor with various aromatic molecules for the ﬁrst time
without further additional substance.Moreover, it satisﬁeswith the sev-
eral principles of green chemistry. The prepared CDs have strongly blue
ﬂuorescence, ﬁne solubility, high stability and excellent photostability
in ionic strength and variety of pH and could be directly applied in var-
ious applications. CDswith excellent ﬂuorescence properties and inher-
ent antioxidants activity had developed in direct and simple capture of
free radicals. By using functional groups on the surface of CDs the selec-
tive and sensitive determination of Fe3+ based on the quenching effect
of Fe3+ could be possible.
The most importantly, the CDs exhibited low cytotoxicity to cells
and the ability of easy to penetrate live cells, therefore they could be ap-
plied as ﬂuorescent probes for bioimaging.
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